Soil Compaction Caused by Cut-to-Length Forest
Operations and Possible Short-Term Natural Rehabilitation of Soil Density Forest, Range & Wildland Soils N aturally developed forest soils are a vital part of all forest ecosystems as they are able to provide anchorage substrate, water and nutrient resource for vascular plants and habitat for a diverse fauna. Besides nutrient and water availability and climate conditions, the stability and productivity of forest ecosystems, and in particular of forest stands, depend on properties and integrity of forest soils. To maintain both stability and productivity of forest stands, degradation of soils by forest operations have to be minimized.
One of the detrimental eff ects caused by forest machinery is soil compaction, which is defi ned as an increase in soil bulk density (Steinbrenner and Gessel, 1955; Dickerson, 1976; Froehlich, 1979) . Surface pressure can cause soil particles to move closer together, thus reducing the volume of air voids (Craig, 2004) . Consequently, the particles are reoriented into a confi guration that leads to a higher bulk density (Cassel, 1983) . While compaction is purposefully achieved by rollers on construction sites to increase the bearing capacity of soils and aggregates (e.g., for road construction), any soil compaction is unwanted in forest stands. Soil compaction oft en has a negative impact on plant and tree growth since it reduces the amount of pore space, especially of macropores essential for water infi ltration into the soil and for gas and nutrient exchange (Forristall and Gessel, 1955 Our research explored the impact of forest machinery on soil when traffi cking off -road through forest stands. In particular, we assessed soil compaction caused by harvesting operations. Th is study had two objectives: (i) Quantify the increase of soil bulk density (absolute and relative density) by forest machinery; and (ii) Analyze the persistence of soil compaction over a 5-yr period. Our research was innovative in three respects; 1. We assessed in-place soil density at exactly the same locations pre-and posttreatment with a nuclear moisture and density gauge. In this context, we consider treatment as forest machinery (harvester and forwarder) traffi cking on forest soil. 2. Aft er the treatment, we monitored soil density at identical locations through yearly assessments for 5 yr to identify possible natural rehabilitation patterns. 3. We related the measured fi eld bulk densities to site specifi c maximum bulk densities derived by standard Proctor tests (concept of relative bulk density) to get a better understanding of the severity of off -road traffi c impact on soil density changes. Our key fi ndings on two research sites were: 1. On average, dry soil bulk density increased by 19% in machine tracks. 2. Machine impact was not just limited to vehicle tracks; we noticed an increase of soil bulk density >10% in 14 of 65 (21.5%) locations extending up to 1 m away from tracks. 3. Due to machine impact, fi eld bulk density increases exceeded the 80% maximum bulk density threshold at 32% of all track locations, mostly in soil depths of 20 to 30 cm. 4. Monitoring soil density for 5 yr aft er the treatment indicated no natural rehabilitation (decrease) of soil density down to pretreatment levels.
est degree of machine-related compaction typically occurs in the top 30-cm soil layer, which normally contains most of the root mass (Wingate-Hill and Jakobsen, 1982) . As a result, roots can be directly damaged by the action of machine wheels driving on the forest fl oor (Olson, 1952; Wronski, 1984) . At a minimum, a greater mechanical resistance of the soil to the penetration of growing roots is observed (Russel, 1977; Vepraskas, 1988) , since the penetration resistance generally intensifi es with an increase in soil density. All these impacts to the soil structure may considerably reduce vegetation growth. Following subsoil compaction below a depth of 10 cm, Murphy et al. (2004) reported that reduced growth in a radiata pine (Pinus radiata D. Don) plantation resulted up to a 42% decrease of stand volume, which translated to a 60% decline in value over a 28-yr projection period.
Nowadays, most large-scale forest operations require the use of heavy machinery for increased safety and to be economically competitive. Th is machinery may exert ground pressure reaching 300 kPa (Håkansson, 1994) and is used in harvesting operations like the cut-to-length (CTL) method. Th e CTL method has been commercially used in Canada since the late 1960s but has gained popularity over the past decade, especially in Atlantic Canada, where approximately 75% of the wood is now harvested using this method ( J.-F. Gingras, personal communication, 2008) . A mechanized CTL system usually requires a single grip harvester for felling, delimbing, and bucking trees into logs (typically ranging from 2.4-5.0 m in length) and a forwarder to transport logs from the felling site to a main landing. When considering operational variables, forwarders vary in loaded gross mass from 20 to 40 t, making them the heaviest equipment (their tare mass is on average twice the tare mass of a single grip harvester) used in the CTL system. Heavy loading is oft en combined with high traffi c frequencies on so-called machine-operating trails, cleared corridors, to transport logs from the off -road felling site to landing areas located at truck accessible roads. During mechanized forest operations, the highest degree of soil compaction on machine-operating trails typically occurs within the fi rst few traffi c passes aft er which additional passes continue to increase soil density but at a lower rate Brais and Camiré, 1998; Han et al., 2006; Jamshidi et al., 2008) . To minimize soil disturbances, processing of harvested trees in a mechanized CTL system is usually done in front of harvesters so that tree limbs, foliage, and tops (brush) fall directly over the machine-operating trail. Th e traffi cking of both harvester and forwarder on top of brush covered machine-operating trails can reduce soil compaction and lower soil penetration resistance by dispersing applied loads to a greater area (McMahon and Evanson, 1994; McDonald and Seixas, 1997; Hutchings et al., 2002; Han et al., 2006) . However, the amount of brush required for eff ective soil protection depends on stand characteristics, silvicultural treatment, soil properties, and harvester boom length which make it highly variable within a cut-block. Furthermore, the effi cacy of brush in reducing soil compaction is dependant on soil water content at time of operations (Han et al., 2006) . For these reasons, we tried to assess the maximum machine impact by operating harvester and forwarder directly over soil. To summarize, heavy machinery used in modern forestry operates directly on forest soils with a high potential to negatively impact soil quality, especially soil density, thus aff ecting plant and tree growth.
Total pore volume and pore size distribution depend mainly on soil texture (grain size distribution), natural soil density, and organic material content and are as such soil specifi c. In addition, each soil requires a minimum of air-fi lled pores of a certain size and distribution to allow for plant growth and biological activity. Once below this threshold, soil conditions change from aerobic to anaerobic with signifi cantly reduced plant growth. Commonly, soil disturbance by compaction is expressed by absolute soil density change, for example, increase by 0.5 g cm -3 or expressed as percent increase of the pretreatment density. While the absolute density change is an important quantitative measure when monitoring soil disturbances, its signifi cance with respect to available pore space post impact and associated biological activity is limited. Diff erent soil types exposed to the same absolute density change may show diff erent eff ects on plant growth depending on the quantity and quality of remaining pores. Accordingly, Lipiec and Håkansson (2000) noted that although dry bulk density and total porosity are most frequently used to characterize the state of compactness of a soil for crop production, crop response curves and optimum values vary for diff erent soils. Th erefore, the concept of relative bulk density (RBD), which relates fi eld bulk density (FBD) to maximum bulk density (MBD) obtained by a standardized test (standard Proctor test) is a more objective approach to quantify soil compaction and the degree of compactness (Pidgeon and Soane, 1977; Carter, 1990; da Silva et al., 1994; Lipiec and Håkansson, 2000) . Zhao et al. (2010) analyzed the eff ects of varying relative bulk densities of loam, sandy loam, and silty clay loam soils on tree growth. Th ey determined a RBD ratio >0.8 problematic for tree growth.
To maintain soil health, it is important to recognize when soils are at risk of compaction and rutting and to understand how machinery interacts with the soil (Sutherland, 2003) . Soil susceptibility to compaction is dependent on many intrinsic properties such as soil texture (Bodman and Constantin, 1965) , water retention properties (Williams and Shaykewich, 1970; Vepraskas, 1984) , and parent material (Wästerlund, 1985) . Directly related to this susceptibility is the natural rehabilitation capability of a soil aft er disturbance, which is contingent on soil texture, soil structure, water content, as well as severity and depth of compaction (Brais, 2001) . In general, forest soils are not only sensitive to disturbances but may also require a long time to naturally rehabilitate. Residual forest soil compaction has been identifi ed for periods ranging from 15 (Froehlich et al., 1986) to 55 yr (Power, 1974) on sites in temperate climate zones without winter frost. However, since the soils of the two assessed test sites in New Brunswick are subject to frequent annual freeze-thaw cycles, we expected noticeable natural rehabilitation of compacted soils within a few years.
Our research tried to address these issues by assessing the impact of CTL forest machinery on soil bulk density and ana-lyzing possible density natural rehabilitation patterns (in this article, we refer to dry bulk density as bulk density).
More specifi cally, the objectives of this research were to:
1. Determine and quantify the impact of CTL forest harvesting practices on forest soil bulk density (absolute and relative density); 2. Analyze the degree of soil natural rehabilitation with regard to soil bulk density over a 5-yr period compared to the properties measured before the disturbance.
MATERIALS AND METHODS

Research Sites
To address the study objectives, we established two research sites in New Brunswick (eastern Canada) at available forest stands during regularly scheduled harvesting operations using CTL systems, one in the Canadian Forces Base Gagetown (45˚31′33″ N; 66˚18′07″ W) and one in the Black Brook district (47˚26′26″ N; 67˚50′60″ W; Fig. 1 ). Elevations of the research sites were 129 m above sea level (ASL) in Gagetown and 250 m ASL in Black Brook, with terrain slopes of 4% (west exposition) and 9% (northeast exposition), respectively. Th e annual precipitation rates were 1155 mm for Gagetown and 1091 mm for Black Brook (Environment Canada, 2004) . Soils from both sites were classifi ed as spodosols according to the U.S soil taxonomic system (Agriculture Canada Expert Committee on Soil Survey, 1987) . Th e parent material in Gagetown was igneous clasts 20 to 50% and calcareous siltstones, calcareous sandstones, and/or calcareous slates in Black Brook. According to the New Brunswick's forest soils map, both sites had class two soil drainage (dominantly well drained with signifi cant rapidly or moderately well drained; Agriculture and Agri-Food Canada, 2007) . Th e prevailing soil types at the two research sites were analyzed and will be presented in the result section.
Th e Gagetown site, composed of a 55-yr-old mixed soft wood stand, was subject to a clear-cut where 112 m 3 ha -1 were harvested with an average diameter at breast height (DBH) of 22 cm and average height of 18.5 m (Table 1) . In Black Brook, a 25-yr-old white spruce plantation [Picea glauca (Moench) Voss] was commercially thinned where 53 m 3 ha -1 were harvested with an average DBH of 11 cm and average height of 9 m.
Instrumentation
Conventional methods of determining soil density usually require complete removal of soil sample and further processing in a laboratory. However, to allow for in-place assessment of forest soil bulk density, a Humboldt 5001EZ nuclear moisture-density gauge (NMDG) was used in this study. Th is device, which does not require any sample extraction, enabled not only comparisons of pre-and posttreatment bulk densities (wet and dry) and gravimetric water contents at exact same locations, but also allowed for continuous monitoring of soil densities at identical locations over the 5-yr period. Soil dry bulk density was automatically calculated by the NMDG as follows, where P d is dry bulk density, P w is wet bulk density, and M w is the mass of water (all in g cm -3 ). . For measurements, a 2 cm diam. hole was created in the soil, the source rod was lowered into the hole and soil penetrating radiation was collected by a γ detector inside the gauge which was positioned on top of the forest fl oor. Th e source rod had a length of 30 cm allowing for density measurements from 0-to 30-cm depth in 5-cm increments. To assess soil water, the gauge used neutron radiation (Americium-241) to measure 
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Percent harvested the hydrogen concentration in the soil. Within the NMDG, both neutron source and detector were assembled at the bottom of the gauge. Th e sphere of infl uence for the neutrons was reported to have a radius ranging from 75 to 250 mm with the deeper reach in dryer soils (Th ien, 1983; Erbach, 1987) .
Experimental Design and Sampling
At the two harvesting sites, soil bulk density and water content were measured along machine-operating trails. Th e fi rst measurements were performed before any harvesting and forwarding operations commenced (pretreatment) in locations designated as future machine-operating trails. Th erefore, transects perpendicular to the fl agged centreline of machine-operating trails were established with measurement points spaced 50 cm apart along the full width of the trail (4.5 m in Gagetown and 3.5 m in Black Brook) to completely capture the foot prints of the machinery using the trails later on for harvesting and forwarding. A wider trail was necessary in Gagetown to allow for the additional width of the fl otation tires on the forwarder resulting in transects with nine measurement points across the machine-operating trail. Th e transects were grouped in two compartments to allow for analysis of traffi c frequency on soil compaction at the Gagetown research site. Th ese compartments (20 m long by 5 m wide) were set up along a machine-operating trail and experienced in addition to a single harvester pass-over each, either one or three forwarding cycles. A forwarding cycle is one pass-over without load and one pass-over with the log bunk fully loaded. Within each compartment, the two pairs of transects were spaced by 1 m within each pair and 15 m between each pair ( Fig. 2A) . At a distance of 3 m from each transect pair, we established control zones consisting of two transects of four measurement points each that remained undisturbed from machine traffi c throughout the study. In total, 72 measurement points were established in four transect pairs along the machine-operating trail and an additional 32 points were located in control zones. At each measurement point, in situ soil bulk density and water content were determined using the NMDG at 5-, 10-, and 20-cm depths. According to common practice (Campbell Pacifi c Nuclear, 1986 ) the measurements at each measurement point were taken once during each assessment without replication. Th is allowed us to assess soil bulk density at extended measurement points.
Th e Black Brook experimental design was similar to the one in Gagetown. However, since the majority of soil compaction is caused within the fi rst forwarding cycle (McDonald and Seixas, 1997), a higher sampling frequency was chosen to quantify the magnitude and variation of impact caused by a single harvester pass-over along with a single forwarder cycle. Within the two machine-operating trails (90 m long by 4 m wide), six compartments were established to study the eff ect of harvesting and forwarding operations on soil compaction (Fig. 2B) . Each compartment comprised one pair of transects oriented perpendicular to the axis of the machine-operating trails. Individual transects contained seven measurement points spaced 50 cm apart. Four control zones, each consisting of one transect pair (spaced by 1 m) with three measurement points spaced by 1 m, were located 3 m away from the operating trail. In total, 84 measurement points were established along the machineoperating trails and an additional 24 were located in the control zones. In situ soil bulk density and water content were recorded at 5-, 10-, and 30-cm depths.
Following pretreatment measurements, a single grip harvester was used to fell all trees within the machine-operating trail and perform either a clear-cut (Gagetown) or commercial thinning (Black Brook) on each side of the trail (to maximum boom reach). Once cut, trees were delimbed and bucked to size on the side of the machine-operating trail to keep them free of any harvesting residue. Following this single harvester pass-over directly over the forest fl oor, a forwarder was used to perform the required traffi c frequencies (one and three cycles in Gagetown and one cycle in Black Brook) over the same machine-operating trails.
Upon completion of mechanized operations, posttreatment soil density and water content were monitored at each measurement point within a 24-h period. For the next 5 yr, soil density and moisture content were measured three times per year during the fi rst 2 yr (spring, summer, and fall) and once per year during mid-summer for the last 3 yr. Since soil density natural rehabilitation did not seem apparent during the fi rst 2 yr of continuous monitoring, we decided to lower sampling frequency to once a year for the past 3 yr. 
Equipment Specifi cations
To fell and process trees, a John Deere 120 rigid track harvester exerting a nominal ground pressure (NGP) of 40.5 kPa was used in Gagetown while a four-wheel Enviro (50.0 kPa front and 27.5 kPa rear NGP) was the harvester used in Black Brook (Table 2) . To transport the logs from the machine-operating trail to a landing area, a Timberjack 610 forwarder was used in Gagetown, while a Rottne Solid F9 was operated in Black Brook. Th e Timberjack 610 had two straight axles both equipped with fl otation tires (109 cm wide), while the Rottne Solid F9 had stock tires (60 cm wide) on both bogie axles (Table 2) . Typically, the highest ground pressure of loaded forwarders is exerted underneath the rear axles. Th e NGP underneath the loaded rear axles were 57.0 kPa for the Timberjack 610 (8000 kg load capacity) and 73.0 kPa for the Rottne Solid F9 (9000 kg load capacity). Both of these loaded ground pressures were calculated using PASCAL (FPInnovations ground pressure calculator soft ware; Makkonen, 2007) and are based on actual tire size as presented in Table 2 .
Laboratory Testing Soil Properties
To classify and characterize soil properties, we determined the organic matter content and particle size distribution and performed plastic and liquid limit tests. Due to the range of tests and in particular the variability of soil organic content, two types of soil samples (small and large) were collected at each research site. Organic matter content was determined using a total of 78 small soil samples (~300 g each) collected from soil layers in 0-to 5-, 5-to 10-, and 10-to 20-cm depth at the Gagetown research site and from soil layers at 0-to 5-, 5-to 10-, and 10-to 30-cm depth in Black Brook. Each of these samples were taken in proximity (<1 m) to transect pairs used for bulk density assessment. More specifi cally, for each soil layer described above, three small soil samples (two from track area and one from control area) were collected at each transect pair in Gagetown. In Black Brook, three small soil samples (two from track area and one from control area) were collected at transects 30 and 70 of trail A and B while two samples both from track area were collected at transect 35 of trail A. In addition, seven large soil samples (~6 kg each) were taken from the 0-to 30-cm depth and were used for soil classifi cation purposes and standard Proctor tests. Two of these large samples (one from each forwarding cycle compartment) were collected posttreatment in track areas <1 m away from bulk density transects in Gagetown, and fi ve from transects (30, 35, and 70 from Trail A and 30 and 70 from Trail B) in Black Brook.
To determine the amount of organic matter of the 78 small soil samples, the loss on ignition test was performed (ASTM D 2974 . According to the standard, samples were oven dried at 110°C to constant mass and aft erwards burned at 440°C to constant mass (approximately 3 h). Grain size distribution of soils from both research sites was determined by mechanical sieve analysis (Bowles, 1992; ASTM D 422-63, 2002) . Due to the amount of material passing sieve no. 4 (>90%) with a mesh opening of 4.75 mm and sieve no. 200 (>20%) with a mesh opening of 0.075 mm, the distribution of particles smaller than 0.075 mm was determined by a sedimentation process using a hydrometer (Bowles, 1992; ASTM D 422-63, 2002) . Th e liquid limits of the soils were determined using the Casagrande device (ASTM D 4318, 2000) and the plastic limits by the rolling test (ASTM D 4318, 2000) . Soil textures for two large soil samples (one for Gagetown and one for Black Brook) were derived using the Unifi ed Soil Classifi cation System (USCS), which is based on the particle size analysis along with the liquid and plastic limit test results. A specifi c gravity test was also performed on these soil samples following the ASTM D 854 (1998) procedure and used for the hydrometer test and to establish the zero air-void curves related to moisture-density relationships derived by standard Proctor tests.
Relative Bulk Density
Besides assessing the impact of off -road machine traffi c on forest soils by using soil bulk density, we analyzed relative bulk densities (RBD) along machine-operating trails as a qualitative assessment with respect to potential plant growth impediments. While soil bulk density is oft en used as a measure to describe implied soil mechanical properties, its meaning for evaluating impacts of management operations on soil and the development of growth impeding bulk density thresholds is limited to soils with the same inherent properties. Any variation of soil properties (e.g., soil texture, organic matter, particle density) contributes to diff erences in soil bulk density itself, which makes it diffi cult to assess machinery-related impacts on soil density (da Silva et al., 1997) . Furthermore, soils of same bulk density can still diff er in soil properties relevant for plant growth (e.g., porosity and penetration resistance). Th e RBD seems to allow for normalized comparisons of soil compactness even between soils with diff erent characteristics, by relating fi eld bulk density to a reference bulk density. Th e RBD has been used to relate soil compaction to growth of annual plant species (Carter, 1990; Lipiec and Håkansson, 2000) and correlated well with plant growth even between sites with diff erent soils. Recently, Zhao et al. (2010) analyzed the height growth of conifer seedlings on disturbed and rehabilitated forest sites in British Columbia, Canada, with respect to RBD using the maximum standard Proctor density (maximum bulk density; MBD) as reference bulk density. Th e results showed a reduction of height growth of Douglas-fi r [Pseudotsuga menziesii var. glauca (Bessin) Franco], lodgepole pine (Pinus concorta Dougl. ex Loud, var. latifolia Engelm.) and hybrid white spruce [Picea glauca (Moench) Voss × Picea engelmannii Parry ex Engelm.] during the one to eight monitored growing seasons when RBD of the test sites exceeded the range from 0.72 to 0.87. Based on these results, we also used RBD as the ratio of fi eld bulk density to MBD (reference bulk density) for our analysis of soil compaction along machine-operating trails and set the threshold for soil densities likely resulting in tree growth impediments to RBD > 0.80. We used soil samples from each of our two test sites to perform standard Proctor tests according to ASTM D 698 (2000) to establish moisture-density relationships and identify MBD and related water content (optimum water content, OWC). Th e MBD is the absolute maximum achievable dry density of a specifi c soil when it is exposed to a standard compaction eff ort (e.g., 594 kJ for a standard Proctor test) at OWC (Stengel et al., 1984) . At maximum density, the remaining air-fi lled voids of the soil are reduced to the volume equivalent to approximately 5% soil mass (Bowles, 1992) .
As mentioned before, we considered RBD exceeding 80% MBD (RBD > 0.80) as a soil density at which tree growth is probably reduced because of lowered air-fi lled porosity, reduced infi ltration, and higher mechanical resistance as proven by da Silva et al. (1994) and Bulmer and Simpson (2005) . Since Proctor density increases with increased water content up to MBD and decreases with a further increase of water content beyond MBD, the moisture-density relationship displays the shape of an inverse parabola resulting in a range of water content between both lower and upper water content limits associated with the 80% MBD thresholds on the dry and wet side of the parabola. We named this range as problematic water content where loadings equivalent to the standard compaction eff ort would result in critical soil density increases that impede plant growth. However, it is important to mention that even beyond the upper limit of the problematic water content range related to 80% MBD, loading impacts cause severe soil disturbance which shift from soil compaction (consolidation deformation) to soil displacement (plastic deformation). In total, seven standard Proctor tests were performed, two for soil samples from the research site in Gagetown, and fi ve for samples from Black Brook. Once MBDs were calculated, the problematic water content range was determined. We then related FBDs to corresponding 80% MBD thresholds and spatially evaluated the severity of soil density changes caused by off -road traffi c of forest machinery by the degree of measurement locations with FBD exceeding 80% MBD posttreatment.
Statistical Analyses
At the Gagetown research site, a factorial split plot experimental design (2×3×2×11) was used with traffi c frequency (one and three forwarding cycles) as a main factor and depth (5, 10, and 20 cm), location of measurement (track and outside-track points), and assessment time (pretreatment, posttreatment, fi rst spring, fi rst summer, fi rst fall, second spring, second summer, second fall, third summer, fourth summer, and fi ft h summer) as subfactors. In Black Brook, a similar design (3×2×11) was applied with depth (5, 10, and 30 cm), location of measurement (track and outside-track points), and assessment time (same as in Gagetown) as independent variables. Data from each site were subjected to a one-way ANOVA with the SPSS statistical soft ware to determine if statistical diff erences existed between the dependent variables (soil bulk density and water content) and the independent variables mentioned above. To analyze the temporal variation of soil bulk density, an ANOVA through a general linear model was performed with Tukey pair-wise comparisons among the diff erent levels (assessment time and depth). Th e signifi cance level of 0.05 was used in all statistical tests.
RESULTS
Soil Properties
Following particle size distribution and Atterberg limit tests, soil texture was determined to be sandy silt (ML) in Gagetown and silty sand with gravel (SL) in Black Brook (Table 3) . More specifi cally, soil from the Gagetown site had a higher clay content (20.9%) and lower gravel content (6.1%) compared to the soil from Black Brook, which had a clay content of 7.7% and a gravel content of 15.3%. Organic matter content analyzed from fi eld samples decreased from 6.1% at the 0-to 5-cm depth to 4.5% at the 10-to 20-cm depth in Gagetown and from 8.9% at the 0-to 5-cm depth to 4.8% at the 10-to 30-cm depth in Black Brook. Th e plastic limits varied from 28.2 to 41.6% and the liquid limits varied from 28.4 to 49.0% for the sites in Gagetown and Black Brook, respectively.
Soil Bulk Density
In the following section, all results presented are based on two soil bulk density measurements; one measurement pretreatment and one measurement posttreatment performed directly aft er completion of the harvesting and forwarding operations. Th e results also relate to two locations of measurements within the transects, track and outside-track points. As an initial assessment of soil density, we wanted to quantify the impact of forest machinery on soil over the full width of the machine-operating trail (track and outside-track areas). When combining both research sites and both measurement locations, 369 out of 468 (78.8%) track and outside-track density measurements from all depths increased between pre-and posttreatment by an average of 14.5% (Table 4) . More specifi cally, the increase of all measurement points ranged from 11.9% (one cycle, transects 1, 2) to 21.5% (three cycles, transects 1, 2) in Gagetown and between 9.7% (trail A, transects 70, 71) and 16.1% (trail A, transects 35, 36) in Black Brook. Figure 3 shows track (identifi ed with the tire symbol) and outside-track soil bulk density measurements pre-and posttreatment. For a clearer overview, results from the 5-cm depth measurements were not included but were consistent with the tendencies obtained at 10-and 20-cm depths for Gagetown and 10-and 30-cm depths for Black Brook. Th e ordinate indicating soil bulk density was inversed to display soil layers in the same order as found in the fi eld, for example, the 10-cm layer with, in general, lower soil bulk density is positioned above the 20-or 30-cm layers with higher bulk densities. Machinery impacts increasing soil bulk density were not limited to track locations since we noticed an increase of soil bulk density >10% in 14 of 65 (21.5%) locations spaced up to 1 m adjacent to track locations (Fig. 3) . Possible explanations for lateral extension of the disturbed area relative to the tire footprints will be forthcoming in the discussion section. Despite some indication of soil density increase over the full width of machine-operating trails, no statistical diff erence in bulk density was found between pre-and posttreatment measurements of any trail when considering both track and outside-tracks locations. However, soil density increases with soil depth, which we noted pretreatment, remained articulated posttreatment when a statistical diff erence was observed between the two studied soil depths at 5 out of 10 soil bulk density transect pairs.
For a more detailed analysis of the infl uence of machinery on soil density, we focused only on measurement points located in the tracks of the forwarder, thus directly impacted by machines. In total, 233 out of 255 (91.4%) track soil bulk density measurements at all depths increased by an average of 19.4% between pre-and posttreatment. In Gagetown, pretreatment mean soil bulk densities recorded in the one cycle compartment varied between 0.726 and 1.006 g cm -3 for the 5-and 20-cm depths, respectively, and mean soil bulk density varied between 0.629 and 0.886 g cm -3 for the 5 and 20 cm, respectively, for the three cycles compartment (Table 5) . Lower pretreatment mean soil bulk densities in the three cycles compartment are probably associated with the higher percentage of organic material (6.9% all depths combined) compared to organics present in the soil collected from the one cycle compartment (4.4% all depths combined). Following a single forwarding cycle, posttreatment mean soil bulk densities varied from 0.830 to 1.132 g cm -3 for the 5-and 20-cm depths, respectively, and between 0.749 and 1.042 g cm -3 for the 5-and 20-cm depths, respectively, following three forwarding cycles. Th e compaction caused by the Timberjack 610 aft er one cycle in Gagetown (transects 1-4) varied from 11.4% at 5 cm to 13.5% at 10-cm depth with a statistical diff erence at the 20-cm depth between pre-and posttreatment measurements (Table 5) . Following three forwarding cycles (transects 1-4), the mean increase in soil bulk density ranged from 17.3% at 20 cm to 20.2% at a 5-cm depth with a statistical diff erence at 10-and 20-cm depths. When traffi c frequency increased from one to three forwarding cycles, the mean increase of bulk density at track locations was 76.6, 46.0, and 40.7% higher at 5-cm, 10-cm, and 20-cm depths, respectively. However, because of the high standard deviations from the mean densities (likely caused by the variability in organic matter content), density increases of track measurements of the two compartments with varying traffi c frequencies were not signifi cantly diff erent at the three depths. Mean posttreatment moisture contents, recorded within 24 h from completion of operations, ranged from 35.8 to 59.4% in the once cycle compartment and between 39.8 and 61.2% in the three cycle compartment.
In Black Brook, pretreatment mean soil bulk densities varied between 0.758 and 1.096 g cm -3 for 5-and 30-cm depths, respectively, while posttreatment mean soil bulk densities were in the range of 0.911 and 1.218 g cm -3 for the 5-and 30-cm depths, respectively (Table 5) . At this site, the compaction caused by the Rottne Solid F9 varied from 11.5% at 30 cm to 19.4% at 10-cm depth. Th e increase of mean soil bulk density between pre-and posttreatment was statistically signifi cant at all three depths (5, 10, and 30 cm; Table 5 ). Once again, mean posttreatment soil moisture decreased with depth from 46.9, 41.7, and 34.1% for 5-, 10-, and 30-cm depths, respectively.
Relative Bulk Density
To assess soil compaction by relative bulk densities, a total of seven reference MBDs were determined for samples from both research sites by standard Proctor tests at OWC. Th e MBDs ranged from 1.28 g cm -3 (Black Brook, transects 35, 36) to 1.58 g cm -3 (Gagetown, one cycle compartment; Table 6 ). Th e OWC associated with MBDs varied from 22.9% in the one cycle compartment in Gagetown to 36.5% in Black Brook transects 35, 36. Th e standard Proctor results of the fi ve Black Brook samples were quite similar, while the two samples from Gagetown showed diff erences. We assume a reason for this diff erence was the variation of organic matter content of the samples (4.3 and 8.5%).
From the standard Proctor densities, the 80% MBD values were calculated as critical soil bulk density thresholds together with the problematic water content range between the related lower and upper limits. Th is was done by using moisture-density relations from the standard Proctor tests to establish a secondorder polynomial trend line, which created an inverse parabola. Th e standard Proctor parabola was then expanded to both sides of the maximum density down to the 80% MBD value by backward and forward forecasts to fi nally determine lower and upper limits of the problematic water content range. Th e lower limits of the problematic water content range varied from 13.1% for Gagetown, one cycle to 20.2% for Black Brook (transects 35, 36), while the upper limits of the problematic water content range varied from 38.1 to 57.5% for Gagetown, one cycle and Black Brook transects 35, 36, respectively (Table 6) . Th e magnitude between lower and upper problematic water content range limits varied from 25% in Gagetown one cycle to 41% in Black Brook transects 70, 71, and 75, 75 of trail A. Th e standard Proctor parabolas were used together with the 80% MBD thresholds to relate the measured pre-and posttreatment FBDs. Figure 4 shows soil moisture-density relationships of the tested samples in addition to FBDs measured pre-and posttreatment. It also indicates the zero air-void curve (100% saturation) for a sample theoretically without any air voids and an additional line indicating the 80% MBD threshold.
Before treatment, none of the measured FBDs in Gagetown's one cycle compartment were above the 80% MBD threshold whereas 3.5% of FBDs from the 20-cm depth in the three cycle compartment exceeded this threshold (Fig. 4A) . Following the treatment, 15.7% of FBDs were now exceeding the threshold after one cycle and 31.6% aft er three cycles (Fig. 4B) . Th is signifi es that due to forest operations, approximately a sixth to almost a third of the examined machine-operating trail soil densities, respectively, showed values which are considered problematic for plant growth. At the Black Brook site, many FBDs were already exceeding 80% MBD before any machine entered the compartment. In fact, 20.8 and 14.8% of all pretreatment FBDs were beyond the threshold for transects 30, 31, and 35, 36 of trail A, respectively (Fig. 4C) . Further analysis showed that all of the pretreatment FBDs located above the threshold were found at 30-cm depth. Aft er harvesting operations were completed and the forwarder extracted all timber, 41.7% of FBDs in transect 30, 31 of trail A were now exceeding the 80% threshold, which constitutes more than a doubling of measurements with critical densities compared to pretreatment conditions (Fig. 4D) . Similar results were noticeable for transects 35, 36 of trail A, where the number of FBDs exceeding the threshold more than doubled from 14.8 to 33.3% between pre-and posttreatment. Th e majority (80%) of these FBDs beyond the threshold were again located at a 30-cm depth, while the remaining 20% were found at the 20-cm depth. Th e most troublesome results were associated with transects 75, 76 of trail A (Fig. 4E-4F ). In this compartment, the percentage of FBDs exceeding the threshold increased from 20.8% during pretreatment measurements to 68.0% following operations. Nearly one-third of the points that exceeded the threshold were from shallower 5-and 10-cm depths. It was also of interest to analyze how many pretreatment FBDs at track locations had an associated water content falling within the problematic water content range related with 80% MBD because all of these points would have been at risk of being compacted above the 80% MBD threshold during the loading event. Th e results showed that because of their water content, additional FBDs other than those we identifi ed could have surpassed the 80% MBD threshold. In the one cycle compartment in Gagetown, only 32% (8/25) of all pretreatment FBDs (5-, 10-, and 20-cm depths) with a water content falling within the problematic water content range were actually compacted above the 80% MBD threshold (Table 7 ). In the compartment experiencing three forwarding cycles, 41.5% of FBDs that fell within the problematic water content range exceeded the MBD threshold. In Black Brook, results indicate that a considerable amount of FBDs (18% for transects 35, 36 trail A up to 50% for transects 70, 71 trail A) within the problematic water content range were already exceeding the threshold during pretreatment measurements. Nevertheless, the number of points within the problematic water content range that exceeded the 80% MBD threshold following the treatment doubled compared to pretreatment levels.
Although it is important to observe at which soil horizon the soil is being compacted above the threshold, we assumed that having any one of the soil horizons (5, 10, 20, or 30 cm) compacted above the threshold deemed this measurement point to be potentially problematic for plant growth. Th erefore, on a spatial level, 27 out of 85 track locations (32%) exceeded the 80% MBD threshold due to machine impact at both research sites. Extrapolating these values to an area of 1 ha and considering the usual 15-to 20-m trail spacing and 4-m trail width in CTL operations, a large stand area (300-500 m 2 ha -1 or 3-5% of the total area) would get compacted above the threshold following just one to three forwarding cycles. Moreover, if new trails are created and used in multi-entry operations, the area aff ected could expand considerably.
Temporal Variation of Soil Bulk Density
To identify possible natural rehabilitation patterns of compacted soils, we measured soil bulk densities for a 5-yr period at exactly the same locations as pre-and posttreatment measurements. Besides these pre-and posttreatment measurements at the very beginning of the trial, we recorded fi eld bulk densities in spring, summer, and fall of the fi rst 2 yr (2006 and 2007) . During the following 3 yr (2008, 2009, and 2010) fi eld bulk densities were assessed once a year in the summer. Th e assumption was that natural processes such as frost heave of the soil during the winter and biological activity outside the frost period would potentially loosen up the compacted soil over time. Our analysis of fi eld bulk densities of track areas at the two research sites did not prove this assumption in any respect, as none of the densities decreased to pretreatment level during the 5-yr monitoring period.
In general, soil densities recorded at both sites following the 5-yr monitoring period remained at posttreatment levels, thus showing no sign of natural rehabilitation (Fig. 5) . Moreover, during the entire monitoring period, we noticed at the two compartments in Gagetown even a slight increase of mean bulk density beyond the posttreatment level suggesting possible side eff ects contributing to a further soil density increase long aft er the original treatment.
In Black Brook, temporal variation of mean soil bulk density was generally less pronounced. On this site, we noticed only during the fi rst year aft er treatment, a slight tendency of further increase of density at most depths ( Fig. 5C-5G ). However, none of these density changes were statistically signifi cant as the differences between pre-and posttreatment densities were. While summer 2010 readings seem to indicate a slight reduction in mean soil density of both 5-and 10-cm depths for transects 70, 71 of trail B (Fig. 5H) it is yet unclear whether this is the beginning of a continuous soil density decrease. Our intended prolongation of soil density measurements will hopefully indicate whether or not this is an actual start of soil natural rehabilitation.
To prove that described soil density changes were caused by machine impact, we plotted control point mean soil bulk densities and found, as expected, no statistically signifi cant changes to pretreatment soil bulk densities throughout the multi-year monitoring period.
Considering both the extent of stand area being compacted above the critical RBD threshold and the obvious persistence of this soil disturbance suggests serious impacts of machine off -road traffi c on future stand productivity. Proctor organic content 
DISCUSSION Soil Properties
Due to a high percentage of fi ne particles, the sandy silt at the Gagetown site (20.9% clay) was deemed more susceptible to soil disturbance than the silty sand with gravel at the Black Brook site (7.7% clay). In Gagetown, only 6% of soil particles were classifi ed as gravel whereas Black Brook had 15%, which should have caused a higher soil-bearing capacity through increased shear strength. However, based on a soil susceptibility to compaction chart (Sutherland, 2005) , both research sites were still considered low to medium risk of soil compaction. Th erefore the compaction rates discussed herewith could have increased signifi cantly for similar impacts on soils at higher risk of soil disturbance (silty clay, clay loam, etc.). In addition to particle size, the content of organic matter in the soil infl uences soil compressibility. Th e percent of organic matter appeared to be in similar range (4.5-6.1% in Gagetown and 4.8-8.9% in Black Brook) at both research sites. Maintaining the organic content layer intact during forest operations is critical in reducing ground disturbances. Chaney and Swift (1984) described compaction being negatively related to aggregate stability. Th e latter can be preserved by maintaining a high organic matter content by avoiding direct contact of the machine-running gear on the soil through the use of a brush layer placed over machine-operating trails (Soane, 1990) .
Soil Bulk Density
Density increases of track points ranged from 1 to 80% with an average of 19% for both Gagetown and Black Brook research sites. Steinbrenner and Gessel (1955) recorded track soil density increases ranging from 2.6 to 133.6% with an average of 34.9% on trials performed with a tractor over silty-clay and clay loams.
Our average soil density increase in the tracks of the test plots corresponds to Seixas and McDonald's (1997) recorded average soil bulk density increase of 17% in track points directly following operations with a Timberjack 910 forwarder on a sandy loam. It is also close to an average soil bulk density increase of 18% reported by Landsberg et al. (2003) following CTL operations with a Valmet 892 (14 t capacity) forwarder on a silt loam. Even though the soil in Gagetown was at a slightly higher risk of compaction compared to the soil in Black Brook due to a higher degree of fi ne particles, no appreciable diff erences were found between their respective compaction rates of 15.7 and 17.5% for track points, all depths combined (obtained by averaging track soil density increases per research site; Table 5 ). To explain soil disturbances, it is not suffi cient to consider only soil properties but rather the interaction between machine and its operating environment. Th e Timberjack 610 forwarder used in Gagetown exerted lower ground pressure (57 kPa) compared to the Rottne used in Black Brook (73 kPa). Th e higher ground pressure of the Rottne forwarder in combination with stock narrow tires, in comparison to high fl otation tires on the Timberjack, probably caused the slightly higher soil density increase on a site that was less susceptible to compaction.
We also noticed that machine impacts were not limited to areas in direct contact with machine tires (track points) but were transferred to areas outside the tracks. On a soft medium such as a soil, the principal stress exerted underneath a tire is distributed diagonally, thus aff ecting a wider area as depth increases (Sohne, 1958) . Th is could have resulted in density increases of locations directly adjacent to the tracks. Th e presence of a root network could have also contributed to dispersing wheel loads over a greater area. Such root networks act similar to complex geotex- tiles or corduroy having the ability to distribute received loadings far outside the actual contact zones (Soane, 1990) .
Th e impact of traffi c frequency on soil compaction was not a specifi c objective of this paper. Nevertheless, it was considered important to analyze the eff ect of multiple traffi c cycles performed by the forwarding equipment. Since the majority of soil disturbance is deemed to occur during the fi rst few passes, we wanted to compare soil compaction caused by one and three forwarding cycles (each cycle consisting of one pass-over empty and one pass-over with the log-bunk fi lled with a consistent load). Th e results of additional forwarding cycles tested at the same research sites will be presented in a separate article. Th e increase in soil bulk density (compaction, all depths combined) following a single forwarding cycle ranged from 11.4 to 13.5% and between 17.3 and 21.5% aft er three forwarding cycles in the Gagetown research sites. Th ese results match the fi ndings of Shetron et al. (1988) , McDonald and Seixas (1997) , Brais and Camiré (1998), and Jamshidi et al. (2008) indicating that the majority of compaction is caused within the fi rst few skidding or forwarding cycles.
Soil Relative Bulk Density
To evaluate the implications of soil density increases between pre-and posttreatment measurements by using percent change of absolute bulk density is diffi cult among diff erent sites due to variations in soil mechanical properties. A 5% bulk density increase on one site could be as problematic as a 15% increase on a diff erent site. Th erefore, we additionally applied the concept of RBD using maximum standard Proctor density (MBD) as a reference density (Carter, 1990; Zhao et al., 2010) . Because relative density is a ratio of fi eld density and its related MBD (obtained from identical soil), it helps to normalize FBDs of soils with diff erent properties.
In some cases, most of which were related to the Black Brook research site, pretreatment FBDs were already above the 80% MBD threshold. Th e FBDs exceeding 80% MBD were mostly (33 out of 40) located at a 30-cm depth. Th is could indicate locations where former forest operations lead to lasting soil compaction. Another reason for having pretreatment FBDs in excess of the threshold could be related to an underestimation of MBD. We determined MBD by Proctor tests using soil samples out of the 0-to 30-cm depth range, which included organics infi ltrated in the upper layer of the mineral soil. Th is may have resulted in relatively low MBDs compared to MBDs based on (pure) mineral soil of deeper layers. As soil bulk densities of undisturbed soils increase with increasing depth due to natural soil development and settling processes and decreasing organic matter content, the relatively high bulk density at 30-cm depth could have exceeded the comparatively low MBD based on soil out of the 0-to 30-cm depth range. Th is may also account for the fact that most FBDs exceeding 80% MBD posttreatment were located at greater depths (20 or 30 cm) where pretreatment densities were already close to the 80% threshold and just needed a slight increase through the machine traffi c to exceed 80% MBD.
At the Gagetown site, the net increase of FBD measurements exceeding the 80% MBD threshold between pre-and posttreatment varied from 15.7% in the compartment exposed to one forwarding cycle to 28.1% in the compartment with three forwarding cycles with an average increase of 21.9%. In Black Brook, the net increase of FBDs in excess of the threshold varied between 18.5% in transects 35-36 of trail A to 47.2% in transects 75-76 of trail A with an average increase of 28.9% for all compartments. Th e reason for the high net increase of track measurements exceeding the 80% MBD threshold at transects 75-76 of trail A in Black Brook might be the low amount of organic matter identifi ed in this compartment (4.7% at the 10-cm depth) compared to an average organic content of 7.7% (at a depth of 10 cm) at all the other compartments of trail A. Th is underlines once more the importance of organic matter in maintaining aggregate stability when a soil is subjected to direct machine impact (Soane, 1990) .
Th e severity of compaction caused by forest machinery is greatly infl uenced by soil water content at the time of operations. From the moisture-density relationships developed from the standard Proctor tests (graphed in shape of inverse parabolas, Fig. 4) , we identifi ed OWCs at which standard Proctor impacts culminated in MBDs. Th e OWCs of our soil samples ranged from 22.9 to 36.5% which is close to the OWC range of 14.7 to 29.0% experienced by Th omas et al. (1996) for similar soil types. However, as described before, severe impediments of plant growth were observed by Carter (1990) and Zhao et al. (2010) at and beyond 80% MBD already. For our analysis we explored the 80% MBD threshold of the "dry leg" of the inverse moisturedensity parabola to identify the related water content at which standard impacts resulted in 80% and higher MBDs (the lower limit of the problematic water content range). Th e lower limits of the problematic water content range varied from 13.1 to 20.2% with an average of 16.8% for both research sites. Th e implication of having such low limits of the problematic water content range is a very limited time window for operations with low impacts on forest soil requiring either soil water contents even below these limits or deep frozen soil conditions. While forest operations should be avoided when soil water content is exceeding the lower limit of the problematic water content range, they should defi nitely be terminated close to the OWC since this is when maximum compaction occurs. However, as results indicated, soil density increases may even occur during operations on soils at water contents below the lower limit of the problematic content range but they are supposed to be of lower or no impact to plant growth.
On another note; the OWC and therefore the problematic water content range of a specifi c soil is dependent on the applied compaction energy. An increase in the compaction energy will decrease the OWC and lower limit of the problematic water content range while increasing the maximum dry density. Th erefore, a soil exposed to high ground pressures (heavy equipment, large payloads, small tire to ground contact area, high tire infl ation pressure, etc.) during forest operations will have a lower OWC than if that same soil is exposed to lower ground pressures. Consequently, the lower limit of the problematic water content range is reduced and heavy equipment can cause severe soil impacts even at lower soil water contents. Conversely, OWC and lower limit of the problematic water content range of a soil will be higher for loading impacts exerting a lower compactive effort on the soil (compared to the standard Proctor eff ort). Th is means, any reduction of machine ground pressure acting on the soil (e.g., placing layer of brush on top of soil) will help to increase the lower limit of the problematic water content range or extend the operability on soils at increased water content without resulting in bulk densities exceeding the 80% MBD threshold and changing soil properties essential for plant growth.
Temporal Variation of Soil Bulk Density
Th ere has been no sign of soil bulk density natural rehabilitation over the 5-yr study period at the two research sites. Th is is not surprising since soil compaction can remain for decades depending on the severity of the impact, soil texture, and water content at the time the disturbance occurred. Results presented by Rab (2004) showed that posttreatment soil bulk density measured in the Victorian Central Highlands (Australia) 10 yr aft er forest operations was still signifi cantly higher in machine track locations than at undisturbed points compared to pretreatment levels. Jakobsen (1983) also reported statistical diff erences in soil bulk density measured in Australia between pre-and posttreatment aft er 32 yr. However, unlike the previous studies, which were performed in temperate climates without freeze-thaw cycles, we anticipated that soils exposed to freeze and thaw cycles and high variation of precipitation rates throughout the year favoring soil swelling and shrinking processes would sooner rehabilitate from density increases due to forest operations. Our 5-yr monitoring shows that this assumption is at least not applicable to our sites. Although the mentioned processes, in particular the freeze-thaw cycles, are possibly playing a role in the natural rehabilitation of compacted sites, most measured soil densities except a few at the Black Brook site do not indicate any beginning of soil density natural rehabilitation.
More surprisingly, we noticed a sustained increase of soil density aft er completion of off -road machine traffi c. Some of the monitored soil bulk densities continued to rise posttreatment with the maximum densities attained during fall 2006 and 2007 (14 and 26 mo, respectively, aft er the original impact of off -road traffi c of forest machinery in Gagetown). A possible explanation for this phenomenon is that the clearing of trees during harvesting left the machine-operating trails exposed to an increased solar radiation and temperature, which could have also increased the rate of biological activity and the decomposition of organic matter originating from the sheared off or dead roots. Th e decrease of organic matter content could explain why in some cases soil density has been on the rise even relatively long aft er the offroad traffi c impact.
CONCLUSIONS
Th e impact of CTL mechanized operations on soil was quantifi ed using both absolute and relative soil bulk density methods. Unlike most soil compaction studies where tubes of known volume are inserted into the soil to determine soil density, thus requiring sample extraction, our research focused on using a nondestructive NMDG directly in the fi eld to measure and record absolute soil density and water content. Th e NMDG was a valuable instrument to assess in situ multi-depth soil density at identical locations pre-and posttreatment and also enable us to monitor soil density and water content over a 5-yr period. Mean track soil bulk densities (all depths combined) increased by 15.7 and 17.5% between pre-and posttreatment measurements for Gagetown and Black Brook research sites, respectively. Th is study also indicated machine impact was not limited to track areas but was extended to outside-track locations, thus increasing the total disturbed area beyond the identifi ed track areas. Th e RBD method relates fi eld bulk density to soil specifi c maximum density achieved by a standard Proctor test, where a ratio >0.80 MBD has been deemed problematic for plant growth in both forestry and agriculture. Th e RBD proved to be a promising method to evaluate soil density changes with varying inherent properties. With respect to the persistence of soil compaction, soil bulk densities at the test compartments of both research sites remained higher than pretreatment levels during the 5-yr monitoring period. Prolongation of soil density monitoring will help to better understand the persistence of soil disturbance and soil natural rehabilitation pattern. It is important to avoid or limit forest operations at soil water contents exceeding the lower limit of the problematic water content range, and in particular, when soils are at or close to OWC. Best management practices to reduce soil disturbance should include, besides proper scheduling, lowering machine ground pressure and operating on brush mattresses. Otherwise, even the short-term presence of harvesting equipment in forest stands can cause negative impacts to forest soils that persist for years.
